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In the Gram-positive methylotroph Bacillus methanolicus, methanol oxidation is catalyzed by an
NAD-dependent methanol dehydrogenase (Mdh) that belongs to the type III alcohol dehydrogenase
(Adh) family. It was previously shown that the in vitro activity of B. methanolicus Mdh is increased
by the endogenous activator protein Act, a Nudix hydrolase. Here we show that this feature is not
unique, but more widespread among type III Adhs in combination with Act or other Act-like Nudix
hydrolases. In addition, we studied the effect of site directedmutations in the predicted active site of
Mdh and two other type III Adhs with regard to activity and activation by Act.
 2014 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction enzyme was classiﬁed as a type III alcohol dehydrogenase [6].Alcohol dehydrogenases (Adh) are a group of dehydrogenase
enzymes that are present in numerous organisms and facilitate
the interconversion between alcohols and aldehydes or ketones.
They often use nicotinamide adenine dinucleotide (NAD+ to NADH)
as a cosubstrate. However, there are also quinoenzymes that require
pyrroloquinoline quinone (PQQ) as an enzyme-bound electron
acceptor. A typical example for this latter enzyme type is the meth-
anol dehydrogenase (Mdh) of methylotrophic proteobacteria [1],
while in Gram-positive methylotrophs, such as the thermophilic
Bacillus methanolicus, NAD-dependent Mdhs are used [2]. Three
NAD-dependent Mdhs are found in B. methanolicus MGA3: Mdh,
Mdh2 and Mdh3 [3]. Mdh is encoded on the naturally occurring
plasmid pBM19, which also harbors other genes encoding enzymes
involved in methylotrophy, and is the principle enzyme for metha-
nol oxidation [3]. The role of the two additional Mdh paralogs
(termed Mdh2 and Mdh3) is not yet clear [3,4]. These enzymes
are encoded on the chromosome and exhibit a sequence identity
of 96% to each other and approximately 60% to Mdh [5]. Mdh was
shown to have a decameric structure, with one Zn2+ and one to
two Mg2+ ions bound to each subunit. Based on homology, thisMdh was proposed to follow a ping-pong reaction mechanism in
which the electrons from methanol are ﬁrst transferred to a tightly
bound NAD cofactor, which is subsequently re-oxidized by a free
NAD+ to complete the catalytic cycle [7]. The in vitro activity of
Mdh was shown to be increased up to 40-fold by the endogenous
activator protein Act [8], which is chromosomally encoded [5]. Act
was found to contain a motif (GX5EX7REUXEEXGU) that is con-
served in a family of enzymes that hydrolyze nucleoside diphos-
phates linked to a moiety X (Nudix) [9]. The substrates of these
so-called Nudix hydrolases include nucleotide sugars, nucleoside-
triphosphates and dinucleotide coenzymes [10]. Enzymes of this
family are present in all classes of organisms and their function is
believed tomainly involve house-keeping activities, such as the reg-
ulation of glycogen formation by the hydrolysis of ADP-glucose (e.g.
NudF from Escherichia coli) or the degradation of the potentially
mutagenic 8-oxo-dGTP (E. coli MutT) [9]. Act was shown to hydro-
lyzeNAD+ to AMP andNMN+ and,with higher efﬁciency, ADP-ribose
to AMP and ribose-5-phosphate [11]. The signiﬁcance of this cleav-
age reaction is not entirely clear; notably, however, it was found
that the incubation of Mdh with Act results in AMP that is bound
to the enzyme [11]. It was suggested that boundNAD+ is hydrolyzed
by Act with amuch higher efﬁciency than the free cofactor [11]. The
detected increase inMdh activity can be explained by a change of its
ping-pong mechanism to a faster ternary complex mechanism in
which free NAD+ directly participates in the reaction by accepting
electrons from methanol [12]. It was also proposed that the muta-
tion of an active site serine (S97G), which results in the loss of the
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on the Vmax [12]. In addition to its activating effect on the Vmax, it
was found that the presence of Act lowers the Km for methanol
[5]. Later, it was shown that the other two NAD-dependent Mdhs
from B. methanolicus, Mdh2 and Mdh3, are also activated by Act
[5]. The in vivo relevance of Act for methylotrophic growth is cur-
rently unknown and difﬁcult to investigate due to a lack of genetic
tools for directed knockout mutagenesis in B. methanolicus.
In this study, we investigated the speciﬁcity of the activation of
Mdh by Act by testing various NAD-dependent Adhs and Nudix
hydrolases. In addition, we present novel insight into the active
site of Mdh, Mdh2 and another type III Adh by structure prediction
and site-directed mutagenesis. Our results contribute to the under-
standing of methanol oxidation in Gram-positive methylotrophs
and are of relevance when considering in vitro applications of type
III Adhs.
2. Materials and methods
2.1. Construction of expression plasmids and site directed mutagenesis
pET21a plasmids containing B. methanolicus MGA3 mdh
(Uniprot No. I3DTM5), mdh2 (I3E949) and act (I3EA59) are
described [5] and were received from SINTEF, Norway. A number
of additional genes for Adhs and Nudix hydrolases from a variety
of organisms were ampliﬁed from genomic DNA or previously con-
structed vectors and cloned into pET21a expression vector
(Thermo Fisher Scientiﬁc, Reinach, Switzerland). Primers were
designed using CloneManager 9 (Scientiﬁc & Educational Software)
and synthesized at Microsynth (Balgach, Switzerland). The reverse
primer was used to mutate the stop-codon in order to attach the
C-terminal His6-tag encoded on the pET21a plasmid. adhBC (Bacil-
lus coagulans 36D1, G2TN45), adhLF (Lysinibacillus fusiformis ZC1,
D7WPP7), and adhLS (Lysinibacillus sphaericus C3-41, B1HX72)
were ﬁrst ampliﬁed from previously constructed plasmids based
on the pSEVA424 backbone [13] and cloned into pET21a. AdhDK
(Desulfotomaculum kuznetsovii 17, F6CJW2), nudBC (B. coagulans,
G2TKZ3), nudLF (L. fusiformis, D7WXY3), nudLS (L. sphaericus,
B1HRL7), and nudDK (D. kuznetsovii, F6CJI1) were ampliﬁed from
genomic DNA. For expression of E. coli K-12 nudF (Q93K97) and
nudE (P45799), expression strains containing the according
plasmids were isolated from the ASKA collection [14] and directly
used for overexpression. Site directed mutagenesis of MdhS98G,
Mdh2S101G, MdhD38G, Mdh2D41G and AdhDKD43G was done by muta-
tion of the pET21a constructs using the Stratagene QuikChange
mutagenesis protocol (Agilent Technologies). Primers were
designed using PrimerX (http://www.bioinformatics.org/primerx/).
AdhDKS103G was produced using overlap PCR. All primers used in
this study are listed in Supplement Table 1.
2.2. Protein expression and puriﬁcation
E. coli BL21 (DE3) cells containing pET21awere grown at 37 C in
400 mL LB medium containing 100 lg/mL ampicillin, or for ASKA
expression strains 25 lg/mL chloramphenicol. Cultures were
induced at OD600 = 0.4–0.8 using 0.1 mM of isopropyl-b-thiogalac-
toside (IPTG). Cells were harvested after 5–6 h of expression and
pellets were resuspended in 1 mL 100 mM potassium phosphate
buffer pH 7.4 (phosphate buffer) supplemented with protease
inhibitor (EDTA-free) (Roche, Rotkreuz, Switzerland). Cell lysis
was done by passing samples through a French pressure cell press
(SLM instruments, Thermo Fisher Scientiﬁc) three times at
approximately 1000 Psi. Cell debris and membrane fractions were
removed by ultracentrifugation (140000g for 60 min at 4 C).
The supernatant was incubated with 0.5 mL pre-equilibratedProtino Ni–NTA Agarose (Macherey–Nagel, Oensingen, Switzer-
land) for 1 h. Washing was done using 10 mL buffer A (phosphate
buffer, 20 mM imidazole) and elution was done with 4 mL buffer
B (phosphate buffer, 300 mM imidazole, 2 mM b-mercaptoethanol).
The elution fraction containing the protein of interest was concen-
trated using Amicon Ultra-4 (10 kDa) (Millipore, Zug, Switzerland)
washed once with phosphate buffer and then ﬁlled up to 1.5 mL
using the same buffer. Protein concentration was measured using
the Pierce BCA protein assay kit (Thermo Fisher Scientiﬁc) with
bovine serum albumin (BSA) (Sigma–Aldrich, Buchs, Switzerland)
as a standard. Purity of the obtained proteins was conﬁrmed to be
greater than 90% for all enzymes using SDS–PAGE (data not shown).
2.3. Enzyme assay and determination of kinetic parameters
The in vitro Adh assay was performed in 1 mL pre-heated
100 mM MOPS-HCl buffer pH 7.4 or pH 9.0 (adjusted at 50 C) and
5 mM MgSO4. The standard assay contained 500 lM NAD+
(Sigma–Aldrich) or NADP+ (Sigma–Aldrich), 0.5–150 lg Adh (puri-
ﬁed as describe above or commercial for horse-liver Adh (55689,
Sigma–Aldrich) and yeast Adh (A3263, Sigma–Aldrich)), 15–50 lg
Act or another Nudix hydrolase (if indicated) and was started using
500 mMof alcohol substrate (methanol, ethanol, 1-propanol, 2-pro-
panol, 1-butanol or propane-1,3-diol). Activities were calculated
from maximal slopes of NAD(P)H production at 340 nm measured
by a Cary 50 Bio UV–Visible spectrophotometer (Varian, Steinhau-
sen, Switzerland) heated to 50 C. One unit (U) of activity was
deﬁned as the amount of enzyme that is required to process 1 lmol
of substrate per minute. The Michaelis–Menten parameters were
determined by measuring activities at varying alcohol (methanol
or ethanol) concentrations (0–2000 mM) keeping the cofactor at
saturation (500 lM). In total 15–20 data points were measured for
each kinetic determination andwere ﬁtted using Prism 5 (GraphPad
Software). Catalytic efﬁciency kcat/Km of enzymes was calculated
under the assumption that each subunit contains one active site.
Activation factorswere deﬁned as the activitymeasured in the pres-
ence of Act divided by the activity determined in the absence of Act.
2.4. Structure predictions
Structure predictions were done using protein model portal
(http://www.proteinmodelportal.org/) [15]. For the ﬁgures the
structure prediction of the M4T server (http://manaslu.aecom.
yu.edu/M4T/) was used [16]. For Mdh the used template structures
were lactaldehyde reductase (FucO) from E. coli (1RRM) and Adh2
from Zymomonas mobilis (3OX4). Figures were prepared using the
PyMOL Molecular Graphics System (Version 1.4.1, Schrodinger
LLC).
2.5. Sequence alignments and phylogenetic trees
Alignments and phylogenetic trees were generated using
MEGA5. ClustalW alignments were done using the BLOSUM
protein weight matrix. Phylogenetic trees were calculated by
neighbor-joining using the Poisson model. The Bootstrap method
(500 replications) was used as a phylogenetic test. Sequence
alignments were visualized using BioEdit [17].
3. Results and discussion
3.1. Act increases the catalytic efﬁciencies of B. methanolicus Mdh
and Mdh2
B. methanolicusMGA3Mdh andMdh2 activities were previously
shown to be increased by Act under alkaline pH conditions [5].
Fig. 1. Activity of Mdh with and without Act at pH 7.4 and 9.0 with different
substrates. One-point measurements were recorded under standard assay condi-
tions (see Section 2.3). Duplicate measurements are shown.
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methanolicus [18,19], we decided to additionally study the
enzymes at pH 7.4 to represent more physiological conditions.
The enzyme activities of Mdh and Mdh2 were determined using
methanol as a substrate at pH 9.0 and pH 7.4. As previously shown,
the activities of both enzymes were higher at pH 9.0 compared to
pH 7.4 [5]. The activating effect of Act was observed at both pH val-
ues (Table 1A). Also as previously shown, Act not only increased
the Vmax of the enzymes but also decreased the Km for methanol
[5]. The decrease in the Km was more pronounced for Mdh than
for Mdh2 at both pHs. The increase in the Vmax was found to be
similar at both pH values for Mdh but was more pronounced at
pH 7.4 for Mdh2 (previously shown in [5]). To describe the overall
effect of Act, the catalytic efﬁciency kcat/Km was calculated. Act had
a positive effect on the catalytic efﬁciency of Mdh and Mdh2 under
all tested conditions. For Mdh, the increase was 23-fold at pH 7.4
and 50-fold at pH 9.0, for Mdh2, a 20-fold increase was observed
at pH 7.4 and a 9-fold increase was observed at pH 9.0.
Mdh and Mdh2 have a diverse alcohol substrate spectrum, and
activation by Act has been observed for ethanol as well [5]. To
determine if the effect of Act is substrate independent, the Mdh
activity with and without Act was measured for different sub-
strates at both pH values (Fig. 1). Act showed an activating effect
on Mdh activity with all of the tested substrates. The extent of
the activation, however, was dependent on the substrate. To better
understand this effect, Mdh was characterized kinetically with
ethanol as a substrate at pH 7.4 and 9.0. The observed effect of
Act on the Vmax was similar to the effect with methanol, but the
effect on the Km was much smaller. Therefore, the resulting change
in the kcat/Km was smaller, 12-fold compared to 23-fold at pH 7.4
and 10-fold compared to 50-fold at pH 9.0 (Table 1B).
From these ﬁndings, it can be concluded that Mdh is optimized
for the conversion of methanol and that the effect of Act further
improves this selectivity. While Act increases the Vmax for both
methanol and ethanol to a similar extent, the decrease in the Km
is much more pronounced for methanol.
3.2. Other type III alcohol dehydrogenases are also activated by Act
Because all three Mdh paralogs from B. methanolicus are acti-
vated by Act [5], we tested whether similar enzymes from other
organisms are also affected. Mdh homologs were identiﬁed using
a BLAST search and four of the top hits that also showed high
homology to Mdh2 were chosen for more detailed analysis. The
selected enzymes were Adhs from D. kuznetsovii (AdhDK), B. coag-
ulans (AdhBC), L. fusiformis (AdhLF) and L. sphaericus (AdhLS). Of
these donor organisms, only D. kuznetsovii is known to grow on
methanol, but it is unknown if the Adh studied here is the one
responsible for methanol oxidation in this bacterium [20]. The four
enzymes harbor a sequence identity of 50–60% to Mdh and 60–70%
to Mdh2, and all appear to belong to the family of type III alcoholTable 1
Kinetic parameters for Mdh and Mdh2 with and without Act at pH 7.4 and 9.0 with (A) m
(A) pH 7.4
Vmax (mU/mg) K
MeOH
m (mM) kcat=K
MeOH
m (M
1 s
Mdh 129 ± 10 349 ± 72 0.3
Mdh + Act 253 ± 28 25 ± 9 6.8
Mdh2 43 ± 4 733 ± 177 0.04
Mdh2 + Act 317 ± 23 255 ± 45 0.8
(B) pH 7.4
Vmax (mU/mg) K
EtOH
m (mM) kcat=K
EtOH
m (M
1 s
Mdh 208 ± 17 225 ± 47 0.6
Mdh + Act 566 ± 49 51 ± 17 7.4dehydrogenases (Fig. 2A). All of the enzymes were puriﬁed and
tested for their activities and for activation by Act with methanol
and ethanol at pH 7.4 and 9.0 (Fig. 3).
All of the tested Mdh homologs showed activity with both eth-
anol and methanol and were activated by Act (Fig. 3). Similar to
Mdh and Mdh2, all of the enzymes showed a higher activity at
pH 9.0 than at pH 7.4 and were more active with ethanol than with
methanol. Of all tested enzymes, AdhDK with Act showed the high-
est activity with methanol as a substrate (Fig. 3), supporting the
assumed role of this enzyme in methanol metabolism [20]. AdhBC
showed, by far, the highest activity with ethanol as a substrate,
suggesting that this Adh is optimized for ethanol.
The enzyme showing the highest activity with methanol,
AdhDK, was characterized kinetically with methanol as substrate
at pH 7.4 (Table 2). Act increased the catalytic efﬁciency of AdhDK
by a factor of 62. The resulting catalytic efﬁciency is almost identi-
cal to that of Mdh, with a higher Km but also a higher Vmax.
This data shows that activation by Act is not restricted to the
Mdhs of B. methanolicus but is widespread among type III Adhs.
To test whether Act activates enzymes outside of this family, two
type I Adhs, horse liver Adh and yeast Adh, were tested. Both
showed, in addition to their expected activity with ethanol [21],
activity with methanol, but Act was not able to increase the activ-
ity of either (data not shown).
3.3. Other Nudix hydrolases can activate Adhs to the same extent
as Act
Act belongs to the enzyme family of Nudix hydrolases and uses
NAD+ (in addition to ADP-ribose) as a substrate [11]. Because it was
previously shown that NudF from Bacillus subtilis can mimic the
activation by Act [5], it seems likely that this feature is more gen-
eral than assumed. Nudix proteins are found in the vast majority of
organisms [9], including the Adh donor organisms, where weethanol or (B) ethanol as a substrate. Means ± 95% conﬁdence intervals are shown.
pH 9.0
1) Vmax (mU/mg) K
MeOH
m (mM) kcat=K
MeOH
m (M
1 s1)
151 ± 8 150 ± 25 0.7
474 ± 32 9 ± 2 35.3
151 ± 12 416 ± 97 0.3
394 ± 16 96 ± 12 2.8
pH 9.0
1) Vmax (mU/mg) K
EtOH
m (mM) kcat=K
EtOH
m (M
1 s1)
457 ± 36 224 ± 51 1.4
3441 ± 475 161 ± 64 14.3
Fig. 2. Phylogenetic tree of (A) Adhs and (B) Nudix hydrolases used in this study. The protein sequences were aligned (BLOSUM matrix), and trees were created (neighbor-
joining; Poisson model) using Mega 5 [24]. Bootstrap values (500 replications) are shown. The alignments are listed in Supplement Figs. 1 (Adhs) and 2 (Nudix hydrolases).
Abbreviations: HL-Adh (Horse-liver Adh), Zm-Adh2 (Z. mobilis Adh2).
Fig. 3. Activities of different Adhs (incl. Mdhs) with and without Act at pH 7.4 and 9.0 with (A) methanol or (B) ethanol as a substrate under standard assay conditions.
Duplicate measurements are shown.
Table 2
Kinetic parameters for AdhDK with and without Act at pH 7.4 with methanol as a
substrate. Means ± 95% conﬁdence intervals are shown.
Vmax (mU/mg) K
MeOH
m (mM) kcat=K
MeOH
m (M
1 s1)
AdhDK 76 ± 7 446 ± 113 0.1
AdhDK + Act 962 ± 33 91 ± 10 7.2
Fig. 4. Activities of different Adhs in combination with different Nudix hydrolases
at pH 7.4 using ethanol as a substrate under standard assay conditions. Duplicate
measurements are shown.
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search: NudDK (D. kuznetsovii), NudBC (B. coagulans), NudLF (L.
fusiformis) and NudLS (L. sphaericus) (Fig. 2B). All of these enzymes
harbor an amino acid motif that is indicative of the Nudix hydro-
lase family. They are either annotated as Nudix hydrolases (NudBC
and NudDK) or ADP-ribose pyrophosphatases (NudLF and NudLS),
but their speciﬁcities were not yet determined experimentally. In
addition, we included NudF and NudE from E. coli (20–30%
sequence identity) in our analysis, which are both members of
the Nudix hydrolase family [9]. NudE was previously described
to exhibit a rather broad substrate spectrum, including ADP-ribose
and NADH, which is preferred over NAD+ [22]. NudF has been
shown to speciﬁcally hydrolyze ADP-sugars, including ADP-ribose
[10], and to our knowledge, NAD+ has not yet been examined as
a substrate for this enzyme. All of the selected Nudix family pro-
teins were tested for their ability to activate the different Adhs,
i.e., Mdh, Mdh2, AdhDK, AdhBC, AdhLF and AdhLS. Except for NudE,
all of the Nudix enzymes were able to activate Mdh and all other
Adhs (Fig. 4). Notably, the extent of the observed activation was
independent of the activating Nudix hydrolase and was only
dependent on the Adh. The ability of a Nudix enzyme to activate
Adhs is likely linked to its ability to hydrolyze NAD+, which seems
to correlate with its ability to hydrolyze ADP-ribose. It has been
previously proposed that the bound cofactor is hydrolyzed toachieve Mdh activation [7]. However, our ﬁnding that various
Nudix enzymes exhibit the same degree of activation on Mdh/
Adh enzymes questions this model, which is based on protein–
protein interaction. The reason for the lack of activation by NudE
remains unclear and may be linked to the preference of this
enzyme for NADH rather than NAD+ [22]. Taken together, our ﬁnd-
ings show that the in vitro activation of Adhs is not limited to Act
but is also possible with numerous homolog Nudix hydrolases.
3.4. Site-directed Mdh and Adh mutants indicate common active site
residues that affect overall activity, Act dependency and pyridine-
nucleotide speciﬁcity
It was previously shown that the active site mutation S97G of
Mdh of B. methanolicus C1 mimics the effect of Act on Mdh
Fig. 5. Activities of the activation (S97G) mutants of Mdh, Mdh2 and AdhDK with and without Act at pH 7.4 and 9.0 with (A) methanol or (B) ethanol as a substrate. The
enzyme activities were determined under standard assay conditions. Duplicate measurements are shown.
Table 3
Kinetic parameters of the (A) activation and (B) NADP-using mutants of Mdh at pH 7.4
with methanol as a substrate. The Mdh D38G mutant was measured with NADP+. The
parameters of the wild-type enzyme are shown in (C) for comparison. Means ± 95%
conﬁdence intervals are shown.
Vmax
(mU/mg)
KMeOHm (mM) kcat=K
MeOH
m (M
1 s1)
(A)
Mdh S98G 440 ± 53 1151 ± 274 0.3
Mdh S98G + Act 819 ± 82 847 ± 190 0.7
(B)
Mdh D38G (NADP+) 46 ± 2 379 ± 53 0.1
Mdh D38G + Act (NADP+) 128 ± 8 137 ± 16 0.6
(C)
Mdh 129 ± 10 349 ± 72 0.3
Mdh + Act 253 ± 28 25 ± 9 6.8
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Act [12]. To link the proposed activation mechanism [12] to the
Adhs described above that were also activated by Act, mutants
were generated for Mdh (S98G) and Mdh2 (S101G) of B. methan-
olicus MGA3 as well as AdhDK (S103G). The activities of these
mutants with methanol or ethanol were measured at pH 7.4
and pH 9.0 with and without the addition of Act (Fig. 5). Using
methanol as a substrate, the Mdh mutant showed increased activ-
ity compared to the wild-type enzyme as previously described
[12] and its activity was even higher than that of Act-activated
Mdh at pH 9.0. Contrary to previous ﬁndings, the addition of
Act still had an activating effect on MdhS98G at both pH values.Fig. 6. Predicted model structure of Mdh. (A) Monomer of Mdh with NAD+. (B) Zoom-in
(His-197, His-262, His-276) binding are shown. The framed residues were mutated in thInterestingly, for Mdh2 and AdhDK, the mutation caused a loss
of activity as well as insensitivity towards Act (Fig. 5A). With eth-
anol as a substrate ﬁndings for MdhS98G were similar to those on
methanol but with higher overall activities. Notably, Mdh2S101G
and AdhDKS103G were still insensitive towards activation by Act;
however, the activities measured for Mdh2S101G exceeded the
level of the activated wild-type enzyme (Fig. 5B). To investigate
the active site mutation in greater detail, the kinetics of MdhS98G
were measured with methanol at pH 7.4 with and without Act
(Table 3A). The observed Vmax of MdhS98G was about two times
higher compared to the activated wild-type enzyme, but the Km
was increased even compared to the wild-type enzyme in absence
of Act. The addition of Act to MdhS98G led to a doubling of the Vmax
but only a slight reduction in the Km. The resulting catalytic efﬁ-
ciency was similar to that of wild-type Mdh in the absence of
Act. These results suggest that the active site mutation only partly
mimics Act activation. The lack of a tightly bound NAD+ may lead
to the described change of mechanism, from a ping-pong mecha-
nism to a faster ternary complex mechanism [12], and therefore
to an increase in the Vmax. However, the lowering effect of Act
on the Km for methanol was lacking. This result suggests that
the AMP moiety of the cofactor, as it is bound after treatment
with Act, is required for efﬁcient substrate binding (decrease in
the Km). For Mdh2S101G and AdhDKS103G the apparent loss of activ-
ity on methanol could be explained by an even stronger increase
in the (already high) Km towards methanol. The increased activi-
ties of the mutants with ethanol might be due to a less severe
effect on the Km and therefore an overall positive effect of the
mutation under the tested substrate concentrations.of Mdh active site. The amino acids predicted to be involved in cofactor and metal
is study.
Fig. 7. Activities of NADP-using mutants of Mdh, Mdh2 and AdhDK with and without Act at pH 7.4 and 9.0 with NAD+ or NADP+ as a co-substrate with (A) methanol or (B)
ethanol. The enzyme activities were determined under standard assay conditions. Duplicate measurements are shown. The wild-type enzyme activities with NADP+ were
below 0.5% of NAD-dependent activities (data not shown).
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dent and cannot use NADP+ as a cofactor. Thus, we aimed to deter-
mine whether cofactor speciﬁcity can be altered by site-directed
mutagenesis and whether the effect of such mutations is conserved
among the different enzymes. To this end, the 3D structures of
Mdh, Mdh2 and AdhDK were predicted in silico using published
type III alcohol dehydrogenase structures, such as E. coli lactalde-
hyde reductase (FucO) and Z. mobilis Adh2 (Fig. 6). By docking
the NAD(H) cofactor to the Mdh model, an aspartate (Asp-38)
was identiﬁed that potentially presents a steric hindrance for the
additional phosphate group (analogous to FucO [23]) (Fig. 6B).
Consequently, the respective aspartate was mutated to glycine in
Mdh (D38G), Mdh2 (D41G) and AdhDK (D43G). The resulting
enzyme derivatives were able to use NADP+ and NAD+ with similar
activity (Fig. 7). Interestingly, all of the mutants were also activated
by Act when using NADP+ as a co-substrate; however, the extent of
activation was slightly lower compared to that of the mutant and
wild-type enzymes with NAD+.
Because Mdh is the main enzyme for methanol conversion in B.
methanolicus, the kinetics of the NADP-using mutant were investi-
gated in further detail (Table 3B). The Vmax with NADP+ was
decreased compared to the wild-type enzyme with NAD+. The
effect of Act on the Vmax was the same as for the wild-type enzyme,
but the effect on the Km was much lower. The successful mutation
of all of the studied enzymes reﬂects the overall conservation of
type III alcohol dehydrogenases and shows the relatedness of the
Adh/Mdh enzymes analyzed in this study. It is interesting that this
mutation does not result in an apparent loss of activity with NAD+
compared to the wild-type enzyme, suggesting that evolutionary
pressure conserved the ability of Adh/Mdh enzymes to use NAD+
rather than NADP+ by maintaining an enzyme with steric hin-
drance for the latter.
4. Conclusion
In this study, we show that the observed activating effect of Act
on B. methanolicusMdhs is not unique but possible with numerous
interchangeable partners belonging to type III Adhs and Act homo-
logs belonging to the Nudix family. Because most of the tested
enzymes do not originate from methylotrophs, the proposed spe-
ciﬁc role of this activation in methylotrophy is questionable. By
testing different substrates, we were able to show that at least
for Mdh, the main enzyme involved in methanol oxidation in B.
methanolicus, activation by Act speciﬁcally improves the catalytic
efﬁciency towards methanol. In general, activation by Act seemsto have two independent effects. On one hand, it increases the
reaction speed (Vmax) by factors that are dependent on the Adh,
most likely by switching from a ping-pong mechanism to a ternary
complex reaction mechanism [12]. On the other hand, it improves
the substrate afﬁnity (Km) to an extent dependent on the substrate
and the nature of the Adh enzyme. All of the Nudix hydrolases that
were able to increase Adh activity did so by the same factor as Act,
suggesting a common mechanism. In order to obtain a better
understanding of the observed phenomenon, mutants that were
capable of using NADP+ as a cofactor were successfully created
based on in silico models. Interestingly, these mutants could be
activated by Act independently of the cofactor used. The biological
role of this activation is yet to be proven in B. methanolicus and
other organisms. Nevertheless, the activating effect of Act and its
Nudix family homologs on the activity of different Adhs might be
useful for in vitro industrial applications of type III Adhs.
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